In the quenched approximation and with very high statistics, a heavy vector charmonium state, with a mass of 4.33(2) GeV, is disentangled from the conventional charmonium states by using spatially extended hybrid-like interpolating field operators. Through a simultaneous fit of correlation functions built from different operators, the leptonic decay constant this state is estimated to be 31(15) MeV, which gives a much smaller leptonic decay width of 23(20) eV in comparison with that of conventional vector charmonia. The connection of this state with X(4260) is also discussed.
Introduction
X(4260) was first observed by BABAR and confirmed by Belle and CLEO in the initial state radiation (ISR) process e + e − → γ ISR X → γ ISR J/ψππ [1, 2, 3] with the resonance parameter M X = 4259 ± 8 +2 −6 MeV and Γ X = 88 ± 23 +6 −4 MeV. X(4260) has definitely the quantum number J PC = 1 −− and its leptonic decay width is estimated as Γ(X → e + e − )Br(X → J/ψππ) = 5.5 ± 1.0 +0.8 −0.7 eV [1] , which is in contrast to the similar combined width 672 ± 45 eV of ψ(3686). As such, X(4260) must have an unusual small e + e − width or a very small coupling to J/ψππ. The nature of X(4260) is now a hot topic and has been tentatively assigned to be a tetraquark state, a molecular state, or a hybrid charmonium [4, 5, 6] by phenomenological studies.
As far as a hybrid charmonium is concerned, it is usually conjectured as a bound state made up of a charm quark-antiquark pair and a (constituent) gluon in the picture of the constituent quark model. In this work, we carry out a lattice study on the possible vector hybrid charmonium (denoted as ψ hyb (J PC = 1 −− ) in this work) in the quenched approximation. Since it has the same quantum number as the conventional vector charmonium such as J/ψ, ψ ′ , etc., it is a challenging task to disentangle ψ hyb from them. For this purpose, we split the commonly used hybrid operatorcΓcF (F refers to the gluon field strength tensor) with the quark bilinear separating from F with a spatial distance. This kind of operators is expected to reflect the exotic picture of a hybrid-like state that the constituent cc pair gets a center-of-mass motion by recoiling against the additional gluonic degree of freedom, such that they may couple preferably to ψ hyb while their coupling to the conventional vectors may be suppressed. If ψ hyb can be reliably singled out, its leptonic decay constant can be subsequently derived through its coupling to the vector current. We will also discuss the connection of ψ hyb with X(4260).
Numerical details
For the vector charmonium (J PC = 1 −− ) of a possible hybrid configuration ccg, the commonly used simple and straightforward local operator is O (H) [7] , these operators can be decomposed into the non-relativistic expressions in terms of the Pauli spinors ϕ /ϕ † which annihilates/creates a charm quark, and χ/χ † which creates/annihilates a charm antiquark. Thus to the lowest order of the nonrelativistic approximation, the operators O 
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In the nonrelativistic limit, there is a two-fold suppression for O (H) i to couple to the conventional vector charmonia ψ(nS): First, the charm quark-antiquark pair is in the spin triplet in ψ(nS) and the spin flipping is suppressed by the heavy quark mass; secondly, there is no center-of-mass motion of cc for ψ(nS). Therefore, it is expected that the possible hybrid vector charmonium ψ hyb can be tackled more reliably from the correlation functions of this kind of operators.
The calculation of this work is performed in the quenched approximation on anisotropic lattices with the temporal lattice spacing much finer than the spatial one, say, ξ = a s /a t = 5, where a s and a t are the spatial and temporal lattice spacing, respectively. Two lattices are used and 1000 configurations for each lattice system are generated with the tadpole improved gauge action [8, 9, 10] . The relevant input parameters are listed in Table 1 , where a s values are determined from r −1 0 = 410(20) MeV. The spatial extension of both lattice is ∼ 1.7 fm, which is large enough for charmonia. We use the tadpole-improved clover action [11] for the charm quark. The parameters in the actions are tuned carefully by requiring that the physical dispersion relations of vector and pseudoscalar mesons are correctly reproduced at each bare quark mass [12] . The bare charm quark mass is set by the physical mass of J/ψ, m J/ψ = 3.097 GeV. The finite a s effects are found to be small in this kind of lattice setup by testing the spectrum of 1S and 1P charmonia [13] . (2) 1.78 8 3 × 96 1000 2.8 5 0.138 (1) 1.66 12 3 × 144 1000 In order to enhance the signal of the possible ψ hyb , we use a source operator O
where τ refers to the source time slice and N r is the degeneracy of the displacement r with the same r. In practice, the gauge configurations are fixed to the Coulomb gauge first. In order to increase the statistics additionally, for each configuration we calculate T charm quark propagators S F (⃗ x,t; τ) by setting a wall source on each time slice τ, which permits us to average over the temporal direction when calculating the two-point functions.
In the data analysis, the correlation functions C (H) (r,t) with different r are simultaneously fitted using the function form
4)
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through the correlated minimal-χ 2 fit method with the jackknife covariance matrix. Here the parameter Z (X) n is defined as
(2.5) Figure 1 shows the plots of Φ n (r) =
with respect to r (in physical units) for the three lowest states (the left panel is for β = 2.4, and the right panel for β = 2.8), whose masses are fitted to be 3.091(9) GeV, 3.85(25) GeV and 4.51(13) GeV for β = 2.4, and 3.084(2) GeV, 3.776(72) GeV, and 4.43(10) GeV for β = 2.8. From the figure one sees that Φ 1 (r) and Φ 2 (r) damp more rapidly and are close to zero at r ∼ 0.3 fm where Φ 3 (r) is still relatively large. The fitted masses and Φ n signal that the two lowest states correspond to J/ψ and ψ(3686) and the third state might be a special state of different internal structure from conventional vector charmonia. In order to test the reliability of the fitting strategy mentioned above, we also carry out a similar analysis to the correlation functions C (M) (r,t) of the spatially extended version of operator O (M) on the β = 2.4 lattice. In the fitting procedure, we fix a maximal t (denoted by t max ) and vary the lower bound t min of the fit window. We find the masses of the three lowest states keep constant to some extent for a series of t min , as shown in the right panel of Fig. 2 . We average the masses in this range with each value weighted by its error and get the values m 1 = 3.097(1) GeV, m 2 = 3.679(19) GeV, and m 3 = 4.007(57) GeV, respectively. These three states may correspond to J/ψ, ψ(3686), and ψ(4040). We also plot the Φ n (r/a)'s (normalized as Φ n (0) = 1) in the left panel of Fig. 2 , where one can find the radial node structure expected by the non-relativistic potential model.
Motivated by this observation, in order for the state to be identified more clearly, we combine linearly the correlation functions C (H) (r,t) at two specific r 1 and r 2 as
with ω a tunable parameter. The separations r 1 and r 2 are chosen with the requirement that the signal-to-noise ratio is good enough and spectral weights of the corresponding correlation functions are very different for the would-be conventional charmonia and the hybrid-like state. As such we
Lattice study on exotic vector charmonium relevant to X(4260) Ying Chen tune the parameter ω for C(ω,t) to have an effective mass plateau as long as possible. In Fig. 3 we plot the effective mass plateaus of C(ω,t)'s for β = 2.4 and β = 2.8 with respectively optimally tuned ω. The axes are labeled with the physical units. One can see that both the plateaus are laid on each other at a mass of roughly 4.33 GeV. It is clearly seen in the above study that the hybrid-like operator O (H) i (x,t; r) couples surely preferable to the state with a mass of roughly 4.33(2) GeV, which confirms our speculation based on the non-relativistic picture. With this observation, it is highly conjecturable that this state is a hybrid-like charmonium.
Since this hybrid-like charmonium can be disentangled from the conventional charmonium with the prescription above, its leptonic decay constant can be investigated accordingly. It is known that the leptonic decay constant f V of a vector meson state V is defined by
where J (0) can be approximated bycγ µ c(0) according to the Okubo-Zweig-Iizuka rule. On the lattice with a finite lattice spacing, the vector currentcγ µ c(0) in the continuum theory is not conserved any more and should be renormalized properly. We adopt the nonperturbative renormalization strategy proposed by Ref. [14] and get the renormalization
3.076(4) 428 (7) 4.43 (7) In addition to C (H) (r,t), we also calculate other two categories of correlation functions,
where m n is the mass of the n-th state and the parameter Z (X) n with X referring to J or W . Accordingly the leptonic decay constant f V n can be derived from Z
In the data analysis stage, we carry out the simultaneous correlated minimal-χ 2 fit to the correlation functions C (J) (t), C (H) (r,t), and C (W ) (t) using the function forms in Eqs. which is roughly one order of magnitude smaller than that of J/ψ, although the error is still very large. Thus the leptonic decay width of the ψ hyb state can be determined to be which means that J/ψππ is one of the most important decay modes of X(4260). This can naturally explain the fact that X(4260) was only observed in this channel and does not show up the resonance structure in the R-value scan around √ s = 4.26 GeV.
Summary
By using spatially extended operators that reflect the hybrid picture to some extent, a hybridlike vector charmonium ψ hyb with a mass of 4.33(2) GeV is disentangled from the conventional vector charmonia. In addition, through a simultaneous multi-state fit to correlation functions built from the vector current operator and the hybrid operator mentioned above, a preliminary result of the leptonic decay constant of ψ hyb is extracted to be f ψ hyb = 31(15) MeV, which gives a very small leptonic decay width Γ(ψ hyb → e + e − ) = 23(20) eV. The mass and the leptonic decay width of ψ hyb are compatible with the production and decay properties of X(4260).
